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ABSTRACT
To study the host-pathogen interactions duringEsch-
erichia coli mastitis, we first determined whether E.
coli infection would change blood andmilk polymorpho-
nuclear neutrophil (PMN) chemiluminescence (CL) and
viability. We then hypothesized that when E. coli in-
vade the mammary gland, the viable PMN in milk
would efficiently phagocytose and destroy E. coli before
establishment of infection.We observed that the phago-
cytosis-dependent and independent CL were closely
linked to PMN viability and were crucial to the outcome
of mastitis. Maximal PMN influx and colony-forming
units in infected quarters appeared at postinfection
hours (PIH) 6 to 24. This further boosted PMN recruit-
ment through bone marrow-blood barrier as well as
blood-milk barrier. The survival of recruited PMN in
theE. coli-infected quarters wasmuch higher than that
of noninfected quarters. Chemiluminescence activity of
PMN from the infected quarters significantly increased
following E. coli infection, even exceeding that of blood
at PIH6, 12, and 18 to 24; no such increasewas observed
in noninfected quarters, suggesting that the various
responses of milk PMN to stimuli resulted largely from
PMN viability. The highest CL intensity and durability
was observed in milk PMN from infected quarters at
PIH 12. Whereas an increased viability of PMN in the
noninfected quarters was only significant at PIH 6, the
viability of PMN in infected quarters was long lasting
and significantly higher at PIH 6 to 72. Importantly,
higher preinfection milk PMN viability correlated with
bacterial clearance, which was accompanied by faster
recovery. Our study strongly supports the hypothesis
that boosting milk PMN viability could be a strategy
with which to prevent or reduce the severity of coliform
mastitis in dairy cows. This strategy might be achieved
through strengthening bone marrow functionality.
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INTRODUCTION
Few early lactation-related infections in dairy cows
are as critical as mastitis; even fewer have been so
broadly troubling in bovine and dairy industries. Acute
Escherichia coli mastitis in early-lactating cows is ac-
companied by severe clinical symptoms (Hill et al.,
1979; Vandeputte-Van Messom et al., 1993). Polymor-
phonuclear neutrophils (PMN) are pivotal in protecting
the cow’s udder from E. coli infection (Kehrli and Shus-
ter, 1994; Paape et al., 2002). Intramammary innate
defense against invading pathogens relies heavily on
the number of circulating PMN before infection and
their capacity to produce reactive oxygen species (ROS;
Heyneman et al., 1990). It also depends on the rate of
PMN diapedesis into the infected quarters (Hill et al.,
1979; Vandeputte-Van Messom et al., 1993), and on the
activity of bone marrow to provide young/active PMN
(Van Merris et al., 2002; Burvenich et al., 2003). Fur-
thermore, PMN viability, which evidently reflects the
pathophysiological condition of the mammary gland
(Piccinini et al., 1999; Mehrzad et al., 2001a, b), could
play a role in the innate defense mechanism.
Polymorphonuclear neutrophil ROS quantification
after PMN stimulation with latex or with phorbol 12-
myristate 13-acetate (PMA) using a chemilumines-
cence (CL) assay is a reproducible technique to investi-
gate the phagocytosis or bactericidal system of PMN
(Allen et al., 1972; Grebner et al., 1977; Piccinini et
al., 1999; Mehrzad et al., 2001c). In nonmastitis cows,
rarely has the milk PMN viability vs. CL been investi-
gated. The milk viability of PMN, which represents
their quality, could reflect the dynamic of PMN recruit-
ment not only through bone marrow–blood barrier but
also through blood–milk barrier. Throughout the lacta-
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tion cycle, milk PMN CL in healthy cows varies from
47 to 78% of their blood counterparts (Mehrzad et al.,
2001b); similar variation might exist for milk PMN via-
bility. These variations can be due to the impact of
parturition and lactation alone (Mehrzad et al., 2001b;
Van Oostveldt et al., 2002). Clearly, blood PMN recruit
into E. coli-infected and noninfected quarters, and as-
sessing the functionality of the PMN in both quarters
might shed some light on the complex pathophysiology
of E. coli mastitis. The fluctuations between milk and
blood PMN CL and viability during endotoxin mastitis
have been shown to be different from those caused by
physiological conditions of the cowand theudder (Mehr-
zad et al., 2001a; b). It is debatable whether these re-
sults can be extrapolated to coliform mastitis. Thus,
comparison of milk PMN functions after normal diape-
desis (before infection or during infection in noninfected
quarters) and accelerated diapedesis (inE. coli-infected
quarters) with those of blood offers additional details
about host-pathogen interactions during E. coli masti-
tis. We speculate that the impact of fast PMN diapede-
sis (rapidly increased SCC on PMN quality and their
ROS production capability) could cause dissimilarities
betweenmilk PMN from infected and noninfected quar-
ters. Furthermore, the resident milk PMN viability
could provide an efficient phagocytosis capacity for the
mammary gland at the start of the E. coli infection. In
addition, the relationship between postinfection bacte-
rial growth inmilk and preinfectionmilk PMN viability
has not yet been demonstrated. The outcome of mastitis
may also be linked to preinfection milk PMN viability.
The phagocytosis process of E. coli in milk by PMN
is energy-dependent and requires the presence of a
functional cytoskeleton and protruding pseudopods
(Paape et al., 2003). Permanent activity of NADPH-
oxidase (initiator of CL or ROS or both) is linked to the
actin filaments of PMN (Sandgren et al., 1992), and CL
impairment causes fast PMN lysis/necrosis during E.
coli phagocytosis (Goldberg et al., 1995), boosting
phagocytosis inefficiency. Therefore, internalization of
bacteria by PMN is associated with activation and reor-
ganization of the cell cytoskeleton (Meconi et al., 2001).
The cytoskeleton machinery is considered to envelope
the bacteria in amembrane-zipperingmechanism (Grif-
fin et al., 1975). This mechanism in the milk compart-
ment would not occur unless the PMN are viable. Fur-
thermore, PMN cytosolic pH hemostasis, as inhibitor
of PMN necrosis, results, in part, from PMN ROS pro-
duction (Grebner et al., 1977; Mayer et al., 1989; Jan-
kowski et al., 2002; Reeves et al., 2002); this suggests
direct or indirect influence of PMN CL on PMN viabil-
ity. The concomitant assessment of PMN viability and
CL in milk would provide insight into the cytochemical,
cytoskeletal, phagocytosis, and bactericidal status of
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the PMN; this could be representative of the most com-
plex part of PMN–E. coli interaction in the udder dur-
ing phagocytosis.
To examine if there is any parallel relationship be-
tween blood and milk (infected and noninfected quar-
ters) PMN function before, during, and after E. coli
mastitis, the effect of E. coli infection on milk PMN
viability and CL was assessed. The impact of preinfec-
tion milk PMN viability on bactericidal capacity in the
gland, and on themilk production performance (as indi-
cator for the severity ofmastitis), was also investigated.
The CL technique for ROS production assessment was
used as an appropriate indicator for PMN viability fluc-
tuations. Polymorphonuclear neutrophil maturity (as
indicator for bonemarrow activity) duringE. colimasti-
tis was also determined to gain insight into the observed
changes in PMN CL and viability. The kinetics of blood
and milk PMN CL during peak PMN functional and
structural changes was studied in detail.
MATERIALS AND METHODS
This experiment has been approved by the ethical
committee of the Faculty of Veterinary Medicine of
Ghent University.
Animals and Experimental Procedures
For the E. coli trial, 35 Holstein-Friesian Red pied
breed cows in their 224 ± 15 d of first pregnancy (2.4 ±
0.3 yr) on arrival at the experimental dairy farm were
studied. The animals, on a zero-grazing system from
arrival until the end of the experiment, were put in
individual stalls and were fed with a special ration for
pregnancy and lactation. They had free access to water
and hay. After gestation, clinically healthy cows, show-
ing no sign of typical periparturient diseases, were
eventually selected based on 2 consecutive bacteriologi-
cal negative milk samples and a milk SCC of <2 × 105/
mL of milk per individual quarter. At 1 wk before the
start of the experiment, the animals were fed a daily
ration of approximately 8 kg of concentrate and had
free access to water and hay. They were milked twice
daily at 0800 and 1700 h with a 4-quarters milking
machine. Escherichia coli were inoculated into the ud-
der of animals at 20 ± 5 d after parturition.
In the first study, 15 cows were selected. Individual
quarter milk samples were aseptically collected for de-
termination of colony-forming units (10 mL), SCC (50
mL), and isolation (200mL) at 24 h before, immediately
before, and at 6, 12, 18, 24, 48, 72, 144, 216, and 312
h following E. coli infection. For bacteriological exami-
nation of milk, 0.5 mL of quarter milk was serially
diluted in a pyrogen-free saline solution (0.9%), and
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0.01mL of the diluted sample was streaked in duplicate
on Columbia sheep blood agar (Biokar Diagnostics,
Beauvois, France) plates, using an inoculation loop. The
plates were incubated for 24 h at 37°C for enumeration
(cfu) of the milk samples. Peripheral blood (80 mL)
was collected aseptically from each cow by venipuncture
from the external jugular vein into evacuated tubes
(Laboratory EGA, F-28210 Nogent le Roi, France) con-
taining 125 IU of heparin as anticoagulant. Subsequent
blood sampling was carried out after milk sampling at
24 h before, immediately before, and at 6, 12, 18, 24,
48, 72, 144, 216, and 312 h after E. coli infection. Mea-
surements of rectal temperature, heart rate, rumenmo-
tility, and clinical examination of the mammary gland
were performed at the time of blood and milk sampling.
Evening and morning milk was pooled to obtain daily
milk production (MP).
In the second study, 20 cows were investigated for
experimentally induced E. coli mastitis to assess the
impact of preinfection milk PMN viability on the E. coli
growth in the mammary gland at postinfection h (PIH)
6 and on the MP loss at PIH 48 (a strong indicator of
the severity of mastitis).
In a third study, to investigate the eventual relation-
ship between milk PMN viability and CL, 66 clinically
healthy Holstein-Friesian cows from the Ghent Univer-
sity dairy farm (Biocentrum Agri-Vet Melle, Belgium),
in their first to fourth parity, early- (n = 33, 21 ± 6 d
of lactation), and mid-lactating cows (n = 33, 210 ± 36
d of lactation) were selected for milk sampling. The
cisternal quarter milk samples (500 mL) were asep-
tically collected, using a sterile teat cannula. The milk
PMN viability values were simultaneously compared
with their CL values.
Bacterial Challenge
Escherichia coli P4:032 isolated from a clinical case
of mastitis was used. The stock of E. coli was main-
tained in lyophilized medium at −20°C until use and
frequently controlled for viability and purity. To pre-
pare the inoculum, the bacteria were subcultured in
brain heart infusion broth (CM225;Oxoid,Nepean,ON)
at 37°C. The bacterial suspensionswerewashed 3 times
with pyrogen-free saline solution (0.9%) and resus-
pended in the solution. Bacterial counting was per-
formed using the plate count method to obtain the de-
sired concentration. Before E. coli infection, the teat
ends were disinfected with 70% ethanol mixed with
0.5% chlorohexidine. At 20 min after the morning milk-
ing, E. colimastitis was induced into the left udder half
by a single intramammary inoculation of 10 mL of 104
cfu of E. coli P4:032 solution per quarter using a sterile
teat cannula (7 cm; Me. Ve. Mat., Deinze, Belgium).
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After inoculation, each quarter was gently massaged
for 30 s to distribute the bacterial solution in the gland.
Blood and Milk PMN Preparation and Enumeration
All materials and reagents used for the isolation of
blood and milk PMN were sterile. Isolation of PMN
from peripheral blood was performed using hypotonic
lysis of erythrocytes. Briefly, 40mL of heparinized blood
was poured into the Falcon tubes and centrifuged (1000
× g, 15 min, 4°C); the plasma layer, buffy coat, and top
layer of the blood-packed cells were discarded. About
10 mL of the blood-packed cell was lysed by adding 20
mL of double distilled water and gently mixed for 45 s
using a magnetic stirrer. After restoration of the isoto-
nicity by addition of 10 mL of 2.7% NaCl with gentle
mixing for 60 s, the suspension was centrifuged (1000
× g, 10 min, 4°C). For the second lysis procedure, after
resuspending of the pellets in 10 mL of Dulbecco’s PBS
(Gibco BRL, Life Technologies Inc., Gaithersburg, MD),
20 mL of double distilled water was added and gently
mixed for 30 s, then 10 mL of 2.7% NaCl was added,
gently mixed for 60 s, and centrifuged (1000 × g, 5 min,
4°C). The remaining cell pellet was washed 3 times in
PBS (300 × g, 10 min, 4°C) and the final cell pellet was
resuspended in 1 to 2 mL of PBS with gelatin (0.5 mg/
mL; Merck, Darmstadt, Germany) for further analyses.
The isolation procedure of PMN from blood yielded
>98%of granulocytes (PMN+eosinophils) with predom-
inantly PMN (>85%). After counting the cells using an
electronic particle counter (Coulter counter Z2, Coulter
Electronics Ltd., Luton, UK) and determining the via-
bility (see subsequently) and percentage of PMN, the
cell suspensions were adjusted to a concentration of 5
× 106cells/mL in PBS supplemented with gelatin (0.5
mg/mL).
In the first study, individual quarter milk samples
were used for subsequent PMN isolation as described
previously (Mehrzad et al., 2001a). Briefly, pooled milk
of the 2 E. coli-infected and the 2 noninfected quarters
of each cow was filtered separately through a nylon
filter (40 µm pore size) and diluted to 60% with cold
PBS (vol/vol). In the second study, only infected quarter
milk samples were used for PMN preparation and enu-
meration. Isolation of PMN from milk was performed
using 3 centrifugation steps as previously described
(Mehrzad et al., 2001a, b). The total number of leuko-
cytes and isolated blood andmilk cells were determined
using an electronic particle counter (Mehrzad et al.,
2001b). The total number of different circulating leuko-
cytes was determined using smear preparations of
blood samples (Mehrzad et al., 2001b). Differential cell
counts and staining procedures were performed on
whole blood similar to the isolates on eosin-Giemsa-
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stained smears, using light microscopy. Cell identifica-
tion was based on morphological characteristics as de-
scribed byMehrzad et al., (2001b). To quantify percent-
ages of each cell type in the samples, 200 cells per
slide were classified as PMN (mature and immature),
monocytes/macrophages, lymphocytes, eosinophils, or
epithelial cells (only in milk).
Viability of Milk and Blood PMN
The viability of isolated PMN from blood and milk
(infected and noninfected) quarters was determined in
duplicate bymeans of flow cytometry (FACScan, Becton
Dickinson Immunocytometry Systems, San Jose, CA),
using propidium iodide exclusion (Mehrzad et al.,
2001b). The percentage of propidium iodide-positive
PMN was calculated to quantify necrotic PMN for the
later calculation of percentage of viable PMN.
In the second study, milk PMN viability of infected
quarters, before and after infection, was assessed. The
viability of PMN isolated from blood and milk of E. coli-
infected and noninfected quarters were measured at
PIH 6, 12, 18, 24, 48, 72, 144, 216, and 312.
ROS Production of Milk and Blood PMN
Polymorphonuclear neutrophil ROS production was
quantified using CL assay; luminol-amplified cellular
CL, stimulated with PMA and latex beads (polystyrene,
0.76 µm diameter, 4 × 10 11 particles/mL; Sigma), was
applied for CL of PMN isolated from blood and milk of
E. coli-infected and noninfected quarters. Chemilumi-
nescence was measured in duplicate during 30 min at
37°C with a microtiter plate luminometer (type LB96P;
EG&G Berthold, Bad Wildbad, Germany). Phorbol-
stimulated CL was measured immediately after addi-
tion of 100 ng/mL of PMAand 0.3mM luminol (5-amino-
2, 3-dihydro-1, 4-phthalazinedione; Sigma) to 2 × 106
cells/mL in a total volume of 200 µL per well. Similar
concentrations of luminol and cells per well were used
for CL stimulated with latex beads (final concentration
of 500 particles/PMN). Stock solutions of PMA and lum-
inol were prepared in dimethyl sulfoxide (Sigma) and
stored at −20°C. The area under the curve (AUC) was
calculated for the registered impulse rates over the en-
tire measurement period of 30 min. The CL response
was expressed per 103 viable PMN in each isolated cell
sample. Because the contribution of milk macrophages
to luminol-dependent CL is negligible (Mehrzad et al.,
2001b), the CL response was expressed per 103 viable
PMN and obtained as follows:
CLPMN =
103 × AUC
NCELLS × % PMN × %VIAB
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where AUC = the area under the curve during the pe-
riod of 30min of CLmeasurement, NCELLS = the number
of cells in the sample, equal to 4 × 105, % PMN = the
percentage of PMN in the sample, and %VIAB = the
percentage viable PMN in the sample.
The CL of blood PMN was calculated with the same
formula as for milk PMN applying the corrections de-
scribed by Heyneman et al. (1990) and Mehrzad et al.
(2001a) to correct for interference of eosinophils. Chemi-
luminescence of PMN isolated from blood and milk of
E. coli-infected and noninfected quarters wasmeasured
at PIH 6, 12, 18, 24, 48, 72, 144, 216, and 312.
The CL kinetics of PMA- and latex-stimulated and
nonstimulated and/or resting blood and milk (E. coli
infected and noninfected quarters) PMN were evalu-
ated in detail at PIH 0, 12, 24, and 72.
Relation Between PMN Viability and CL
In the third study, to assess the correlation between
PMN viability and latex-stimulated CL, nonmastitic
cows were further tested to determine whether there
was any connection between milk PMN CL and via-
bility.
Statistical Analyses
A mixed model was fitted to the CL data (AUC of
1000 viable PMN/30 min), including cow as random
effect and period (as a categorical variable with levels
PIH 0, 6, 12, 18 to 24, 48 to 72, and >72), PMN stimula-
tion methods (latex, PMA, or nonstimulated) and loca-
tion of PMN (blood,E. coli-infected quarters, and nonin-
fected quarters) and their 2-way interactions as fixed
effects. To study the time evolution of CL after infection,
CL in each period was compared with CL just before
the infection (time 0) in each of the different settings
(method by location combinations) at a Bonferroni mul-
tiple comparisons adjusted significance level of 0.01 (5
comparisons). A similarmixedmodel (but without stim-
ulation method) was fitted to the viability data, and
the time evolution was analyzed in detail as in the
previous analysis.
In the second study, the effect of preinfection milk
PMN viability on E. coli growth at PIH 6 and MP loss
at PIH 48 was analyzed using regression analysis, to
determine if the slope expressing the linear effect of
preinfection milk PMN viability was significantly dif-
ferent from zero. In the third study, the Spearman cor-
relation coefficient was used to assess the correlation
between milk PMN viability and CL. It was further
determined if this correlation coefficient was signifi-
cantly different from zero.
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Table 1. Latex-, PMA1-, and nonstimulated chemiluminescence of blood and milk (infected and noninfected
quarters) polymorphonuclear neutrophils (PMN) before and during experimentally induced Escherichia coli
mastitis. Values are means ± SEM of 15 cows. Data are expressed as the area under the curve of continuously
reactive oxygen species generation of 103 viable PMN for 30 min. Each timepoint is compared with postinfec-
tion hour (PIH) 0 (before challenge), with the asterisks denoting a significant difference at comparisonwise
error rate equal to 0.01.
Source of PMN
Infected Noninfected
Stimulator PIH Blood quarters quarters
PMA 0 3925 ± 510 1086 ± 512 1044 ± 513
6 3763 ± 696 7710 ± 691** 1646 ± 693
12 2739 ± 691 11395 ± 697** 1583 ± 685
18 to 24 3150 ± 514 10237 ± 512** 1634 ± 512
48 to 72 7555 ± 514** 3003 ± 512** 1553 ± 513
>72 4245 ± 436 1800 ± 431 1261 ± 430
Latex 0 3153 ± 514 881 ± 510 950 ± 513
6 2684 ± 698 6017 ± 697** 1484 ± 695
12 2480 ± 694 8697 ± 691** 1942 ± 692
18 to 24 4701 ± 514 8076 ± 512** 1477 ± 513
48 to 72 8767 ± 514** 2703 ± 512** 1108 ± 510
>72 3955 ± 436 1540 ± 433 1165 ± 431
Nonstimulated 0 673 ± 514 686 ± 512 844 ± 513
6 722 ± 697 2778 ± 695 1246 ± 692
12 895 ± 524 4571 ± 697** 1835 ± 690
18 to 24 1403 ± 511 3535 ± 514** 1230 ± 512
48 to 72 2255 ± 509 1343 ± 512 1083 ± 507
>72 916 ± 430 1237 ± 431 1081 ± 432
**P = 0.01.
1PMA = Phorbol 12-myristate 13-acetate.
RESULTS
ROS Production of Milk and Blood PMN
During E. coli infection, milk PMN CL increased far
more rapidly than CL in blood and noninfected quarters
PMN (Table 1 and Figure 1a, b, c). Compared with
preinfection values, ROS load of PMA-stimulated milk
PMN from E. coli-infected quarters significantly in-
creased 7.1-, 10.5-, 9.4-, and 2.8-fold at PIH 6, 12, 18
to 24, and 48 to 72, respectively. The ROS load for latex
stimulation significantly increased 6.8-, 9.8-, 9.1-, and
3-fold at the same timepoints, respectively (Table 1;
Figure 1b). At PIH 6 to 72, only a slight nonsignificant
increase of CL was observed in noninfected quarters
(Table 1; Figure 1c). For blood PMN, ROS load differed
significantly from preinfection values only at PIH 48
to 72, at which it roughly doubled (from AUC 3925 to
7555) for PMAand increased 2.8-fold (fromAUC3153 to
8767) following latex stimulation (Table 1; Figure 1a).
Nonstimulated PMN CL paralleled the PMA- and
latex-stimulated PMN CL for blood and milk (infected
and noninfected quarters) PMN. A significant differ-
ence with preinfection values was only observed in the
infected quarters at PIH 12 and PIH 18 to 24 (Table 1;
Figure 1c). The preinfection PMA-stimulated CL was
higher than latex-stimulated CL in bothmilk and blood
Figure 2 shows typical CL profiles of PMA-stimu-
lated, latex-stimulated, and nonstimulated blood and
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milk (infected and noninfected quarters) PMN of 5 in-
fected cows at PIH 0, 12, 24, and 72. The shape differed,
somehow, for PMA- and latex-stimulated PMN CL, es-
pecially for PMN from E. coli-infected quarters. The CL
response for E. coli-infected quarters PMN following
PMA stimulation showed a biphasic course, with an
immediate large peak followed by a delayed small peak
at PIH 12 and 24. During the same period, maximum
CL of milk PMN from noninfected quarters increased
slightly. At PIH 72, CL intensity and durability did not
alter significantly in PMN of either quarter.
Viability of Milk and Blood PMN
The viability of blood PMN did not change signifi-
cantly throughout the experiment and constantly re-
mained high (98 ± 1%). Before E. coli challenge, the
viability of PMN isolated from milk was 63 ± 2%. The
viability of PMN isolated from milk of E. coli-infected
quarters at PIH 6, 12, 18 to 24, and 48 to 72 increased to
86, 93, 89, and 76%, respectively (P < 0.01). Preinfection
values were obtained at PIH >72 (Table 2). The viability
of PMN isolated from milk of noninfected quarters at
PIH 6 increased significantly to 77% (P < 0.01) (Table 2).
Preinfection Milk PMN Viability vs. Bacterial
Growth in Milk and MP Loss
In the second study, we evaluated the link between
residual milk PMN viability and the inhibition of bacte-
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Figure 1. Phorbol 12-myristate 13-acetate (PMA)-stimulated (dotted lines), latex-stimulated (solid lines), and nonstimulated (dashed
lines) chemiluminescence (CL) of polymorphonuclear neutrophils (PMN) isolated from blood (a), E. coli-infected quarter (b), and noninfected
quarter (c) of cows during experimentally induced E. coli mastitis. Values are the mean of 15 cows. Data are expressed as the area under
the curve (AUC) of continuously reactive oxygen species (ROS) generation of 103 viable PMN for 30 min.
rial growth in the milk after E. coli infection. There
was a strong negative correlation between preinfection
milk PMN viability and bacterial growth at PIH 6 (P <
0.01; Figure 3a). There was also an inverse relationship
between preinfection milk PMN viability and MP loss
at PIH 48 (P < 0.05; Figure 3b).
Relation Between PMN Viability and CL
In the third study, there was a significant positive
correlation betweenmilk PMN viability and latex-stim-
ulatedCL (ρ= 0.94;P= 0.0001; Figure 4). The 2 parame-
ters, viability and CL, inmilk were inextricably interre-
lated. During early lactation, the milk PMN CL was
lower, and PMN survival in milk was also lower; how-
ever, these values were significantly high during mid-
lactation.
Clinical Observations, Enumeration,
and Differentiation of Blood and Milk PMN
Acute mastitis caused by E. coli inoculation provoked
local as well as systemic effects: inflammation of the
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E. coli-infected quarters with an increase of colony-
forming units and SCC, decreased MP, and increased
rectal temperature, pulse, and respiration. Most clini-
cal signs peaked at PIH 6 to 12 and completely restored
at PIH 72 to 96 (data not shown).
Leukopenia was observed between PIH 12 and 18,
returning to around preinfection values at PIH 48 and
onwards (Table 3). The number of circulating PMN de-
creased by one-third at PIH 6, reached minimal values
at PIH 12, and remained remarkably low at PIH 18 to
24, 48 to 72, and >72 (Table 3). The number of band
cells in the circulation doubled at PIH 6, was slightly
lower at PIH 12, roughly tripled at PIH 18 to 72, and
remained substantially high at PIH >72. Metamyelo-
cytes and myelocytes were increased at PIH 6, peaking
at PIH48 to 72, and remainedhigh at PIH >72 (Table 3).
At PIH 6 to 24, a sharp increase of SCC was observed
in E. coli-infected quarters, coinciding with sharply in-
creased colony-forming units at PIH 6. There was an
inverse relationship between SCC and colony-forming
units at PIH 12, 18, and 24: the level of colony-forming
units declined substantially, but was still high, at these
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Figure 2. Chemiluminescence (CL) profile of phorbol 12-myristate 13-acetate (PMA)-stimulated (upper row), latex-stimulated (middle
row), and nonstimulated (bottom row) polymorphonuclear neutrophils (PMN) from blood and milk, infected and noninfected quarters, at
postinfection hour (PIH) 0, 12, 24, and 72 of experimentally induced E. coli mastitis. The generation of CL was monitored continuously for
30 min after addition of 100 ng/mL of PMA or 500 latex bead particles/PMN or neither followed by 0.3 mM luminol to the 4.105 isolated
PMN suspension in 200 µL; CL was expressed as cumulative relative light unit (RLU)/s. The curves are average of 5 cows.
PIH (Figure 5). The SCC in control quarters did not
change. Before E. coli infection, the percentage of PMN
in isolatedmilk cells was 46 ± 3%.Comparedwith prein-
fection values, the percentage of milk PMN almost dou-
bled at PIH 6 to 24 in E. coli-infected quarters, re-
Table 2. Viability fluctuations of blood and milk (infected and nonin-
fected quarters) polymorphonuclear neutrophils (PMN) during exper-
imentally induced Escherichia coli mastitis.1 Each timepoint is com-
pared with postinfection hour (PIH) 0 (before challenge), with the
asterisks denoting a significant difference at comparisonwise error
rate equal to 0.01.
Source of PMN
Infected Noninfected
PIH Blood quarters quarters
0 98.2 ± 3.3 61.7 ± 3.8 63.5 ± 3.4
6 98.7 ± 3.2 85.5 ± 3.7** 77.0 ± 3.2**
12 98.0 ± 3.2 92.8 ± 3.8** 66.8 ± 3.3
18 to 24 98.4 ± 2.5 88.7 ± 2.8** 70.9 ± 2.4
48 to 72 98.0 ± 2.5 75.3 ± 2.7** 63.6 ± 2.5
>72 98.4 ± 2.1 62.4 ± 2.2 59.7 ± 2.4
**P = 0.01.
1Values aremeans±SEMof 15 cows.Data are expressed as percent-
ages.
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mained a third higher at PIH 48 to 72, and finally
regained the preinfection value at PIH >72. However,
in noninfected quarters the percentage of PMN did not
change during infection (data not shown).
Numerous images of younger and immature neutro-
phils with some morphological and functional changes
were observed in milk cell smears (Figure 6). The first
appearance of E. coli in the milk was seen at PIH 1;
later visible were phagocytosed E. coli at PIH 3, disap-
pearance of E. coli at d 1 of infection, and maximal
appearance of macrophages at PIH 48 and 72.
DISCUSSION
The inflammatory reaction in the mammary gland is
accompanied by a fast influx of PMN into the milk
and by a subsequent opsonin-mediated phagocytosis
(Shuster et al., 1993; Kehrli and Shuster, 1994). This
is the most effective mechanism against invading
pathogens (Burvenich et al., 2003; Paape et al., 2003),
which represents the dynamic (inflammatory) phase of
the innate defense. To what extent the resident (preex-
isting) PMN, which constitute the static part of the
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Figure 3. Correlation between preinfection milk polymorphonuclear neutrophils (PMN) viability and concentrations of bacteria in the
milk at postinfection hour (PIH) 6 (a), and between preinfection milk PMN viability and milk production loss at PIH 48 (b). There is a
negative correlation between preinfection milk PMN viability and bacterial growth at PIH 6 and milk production loss at PIH 48 (P = 0.0012
and P = 0.041, respectively; n = 20). This indicates the milk PMN effectiveness towards killing of E. coli and the outcome of mastitis.
Figure 4.The Spearman correlation coefficient betweenmilk poly-
morphonuclear neutrophils (PMN) latex-stimulated chemilumines-
cence (CL) and viability (n = 66). There was a significant correlation
between the PMN CL and their viability (ρ = 0.94; P = 0.0001; n =
66) during physiological conditions. The low values of CLand viability
were fully related to early lactating () cows, n = 33, 21 ± 6 d of
lactation, compared to mid lactating () cows, n = 33, 210 ± 36 d
of lactation.
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innate defense, contribute to the udder’s immunity re-
mains unknown. The resident PMN population is ap-
parently considered unimportant because of its low
number and functionality in the absence of opsonins
and inflammatory primers. Nevertheless, the direct ac-
tion of the resident PMN on invading pathogens might
be critical (Burvenich et al., 2003). The current study
demonstrates for the first time that resident PMN in
milk with low SCC may modulate the initial steps of
dynamic immune defense of the udder. The study also
indicates that milk PMN viability is crucially involved
in the pathogenesis and outcome of coliform mastitis.
Evidence in dairy cows revealed that the incidence and
severity of E. coli mastitis were maximal during early
lactation (Burvenich et al., 2003). One of the underlying
causes of this could be milk PMN viability impairment
(Mehrzad et al., 2001b). It is therefore reasonable to
focus on and elucidate the role of milk PMN viability
in the severity of coliform mastitis.
The transition from normal milk SCC to extremely
high values, at which immature and mature neutro-
phils are released from bone marrow to the blood circu-
lation to replenish the circulating pool (see Tables 2
and 3, Figure 5), is a stressful experience for the cow’s
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Table 3. Parameters of blood cells measured during experimentally induced Escherichia coli mastitis in dairy heifers. Values are means ±
SEM of 15 cows.
Parameters1
PIH2 WBC/µL PMN/µL Band cell/µL Meta + Myelo/µL Lymphocyte/µL Eosinophil/µL Monocyte/µL
0 9536 ± 8141 3122 ± 458 222 ± 45 730 ± 162 4402 ± 339 828 ± 199 194 ± 39
6 8888 ± 666 2080 ± 342 403 ± 145 1527 ± 172 4370 ± 325 293 ± 69 54 ± 17
12 3426 ± 736 365 ± 86 173 ± 51 813 ± 216 1883 ± 444 141 ± 62 6 ± 5
18 to 24 6805 ± 621 1367 ± 249 689 ± 117 1999 ± 247 2567 ± 249 179 ± 82 21 ± 9
48 to 72 9174 ± 564 2142 ± 317 535 ± 111 2411 ± 248 3165 ± 238 868 ± 149 35 ± 14
>72 10167 ± 255 2529 ± 249 432 ± 54 1852 ± 155 4826 ± 224 686 ± 67 180 ± 28
1WBC = White blood cells; PMN = polymorphonuclear neutrophils; Meta + Myelo = Metamyelocytes and myelocytes.
2PIH = Postinfection hour.
bone marrow. As observed, most of the recruited PMN
in milk are relatively young. The young PMN undergo
slow apoptosis processing pathways and consequently
survive longer (Van Merris et al., 2002; Burvenich et
al., 2003). In contrast, old milk PMN are not very effi-
cient in their function because of their intracellular
glycogen depletion (Naidu and Newbould, 1973),
apoptosis (Van Oostveldt et al., 2002), and decreased
ROS production (Mehrzad et al., 2001b; Burvenich et
al., 2003). Because PMN viability is involved in the
severity of coliform mastitis, it is logical that the next
phase in milk PMN research would be its manipulation
via strengthening bonemarrow functionality to prevent
and treat mastitis. One of the attainable strategies for
this would be improvement of hormonal and metabolic
disorders during early lactation. This could enhance
milk PMN functionality by reducing blood concentra-
tions of, for example, ketone bodies and NEFA, conse-
Figure 5. Multiplication rate of E. coli (solid line; ) in infected
mammary glands and pattern of leukocyte influx (dashed line; )
into milk during experimentally induced E. coli mastitis. Values are
the mean ± SEM of 15 cows.
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quently modulating the proliferative capacity of my-
eloid cells (Hoeben et al., 1999; Burvenich et al., 2003).
Between PIH 6 and 12, a large number of PMN ap-
peared in the lacteal secretion of inflamed quarters.
This occurrence is accompanied by an increased colla-
genolytic and gelatinolytic activity at the level of the
blood–milk barrier (Long et al., 2001; Prin-Mathieu et
al., 2002), which could create a damaging effect on the
barrier and lead to a partial arrest in milk secretion,
potentially favoring PMN functionality in the gland
(Burvenich et al., 2003). In the present study, the in-
creased milk SCC in E. coli-infected quarters coincided
with increased CL and viability of milk PMN, which
could have been caused, in part, by the faster migration
of the blood PMN. However, other phenomena may be
involved, such as the release of survival factors from the
inflamed area. The increase of PMN CL and viability in
noninfected quarters shows that systemic factors are
also involved. It is reasonable to accept that this would
be the result of a faster turnover of the blood PMN due
mainly to faster PMN renewal from the bone marrow.
Blood PMN CL with PMA or latex stimulation or
without stimulation did not substantially change dur-
ing the first day afterE. coli infection. This is in contrast
to the results of Heyneman et al. (1990), who observed
a sudden decrease in PMN ROS generation. The most
probable reason for this discrepancy is the use of heifers
in our study. Polymorphonuclear neutrophil function
in bone marrow, blood, and milk is more pronounced
in heifers, compared with older cows (Mehrzad et al.,
2002). The increase of latex- and PMA-stimulated blood
PMN CL at PIH 48 and 72 reveals higher phagocytic
and enzymatic activities. This is a rebound effect, which
is typical for feedback mechanisms (Heyneman et al.,
1990). In blood and noninfected quarters, PMN ROS
capacitywas lowerwith latex thanwith PMA.However,
the opposite was true for blood and noninfected quar-
ters at PIH 24 to 72 and 12, respectively. Conversely,
in E. coli-infected quarters PMN produced more ROS
with PMA than with latex. This suggests that during
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Figure 6. Light micrographs of isolated polymorphonuclear neutrophils (PMN) from E. coli infected quarters at postinfection hour (PIH)
6 (a), 12 (b), 18 (c), 24 (d), 48 (e), and 72 (f). E. coli is phagocytosed by milk PMN 6 h after the bacterial suspension was injected into the
mammary gland. This representative figure shows the presence of metamyelocytes (arrows b, c, and d) with typical kidney-bean shaped
nuclei, band cells (arrows e and f) with typical horseshoe-shaped nuclei, and macrophages (▲) with vacuolated round/spherical nuclei and
whitish globules in their cytoplasm (younger macrophages had smaller whitish globules and are smaller); disappearance of E. coli at PIH
24, 48, and 72 is representatively shown. These morphological and functional changes boost PMN survival in milk and facilitate resolution
of infection in the udder. (Hematoxylin & Eosin staining, 1000×).
phagocytosis, ROS production is not at its maximal
capacity. Evidence exists that the intracellular produc-
tion of ROS is one of the most important killing mecha-
nisms, especially for E. coli (Burvenich et al., 2003).
Polymorphonuclear neutrophil CL of E. coli-infected
quarters increased much faster than blood PMN CL
after both PMAand latex stimulation. Because the lum-
inol-dependent CL kinetics reveal some details about
intracellular ROS (DeChatelet et al., 1982; Mehrzad et
al., 2001b) and PMN cytoskeleton activity (Sandgren
et al., 1992; Meconi et al., 2001), it is reasonable to
extrapolate that antimicrobial activity of milk PMN
could be further enhanced at PIH 6, 12, and 24. More-
over, the shape of latex-stimulated CL of PMN in E.
coli infected quarters during the early phase of infection
emphasized increased factors related to phagolysosome
formation. This could boost E. coli exposure to intracel-
lular ROS. The phagolysosome of PMNuses its intracel-
lular myeloperoxidase-H2O2-Cl system to chlorinate
bacterial proteins (Rosen et al., 2002), thereby destroy-
ing phagocytosed E. coli. Our study showed that peak
milk PMN phagocytosis capacity occurred in the early
hours of infection. This boosted E. coli clearance at d 1
of infection (see Figures 1b, 2, and 5). The weak inten-
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sity and duration of ROS production of PMN from blood
and noninfected quarters indicated that primed blood
PMN might have migrated into noninfected quarters.
This further confirmed that inflammatory mediators
were systemically released.
The particular CL shape reveals the quality of milk
PMN. Because oxidative and nonoxidative killing of E.
coli are interrelated (Belaaouaj et al., 2000; Reeves et
al., 2002; Weinrauch et al., 2002), the increased nonoxi-
dative pathway (e.g., elastase) during mastitis (Long
et al., 2001; Prin-Mathieu et al., 2002; Moussaoui et
al., 2003) boosts the influx of a large amount of ROS
into the phagolysosome (Reeves et al., 2002) for E. coli
destruction. Therefore, the quality and viability of PMN
in milk is essential for bacterial removal.
The much higher values of nonstimulated or resting
PMN CL in infected quarters might be due to increased
production of host-derived cytokines orE. coli endotoxin
in the infected quarters (Hoeben et al., 2000; Hagiwara
et al., 2001), thus increasingmilk PMNROSproduction
capacity and viability. Consistent with previous find-
ings (Hotta et al., 2001; Mehrzad et al., 2001a), PMN
ROS capacity in inflamed tissue was higher than in
blood. The viability of PMN in the infected quarters
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was similar to that of blood during the early phase of
infection. Thus, the number of PMN and SCC, resting
PMN CL, and viability of PMN in the quarters during
preinfection and early phase of infection may already
have started confronting theE. coli. This timely physio-
logical reaction of the udder prevented the pathological
consequences of mastitis.
Polymorphonuclear neutrophils are both activated
and activating cells; and they are the most susceptible
cells in milk compartment (Paape et al., 2002; Burven-
ich et al., 2003). In accordancewith Long et al. 2001,MP
loss and tissue damage in the infected gland occurred
during the day after E. coli infection, which can be due
to activation of proteolytic enzymes such as elastase,
gelatinase, and matrix metalloproteinases. Theoreti-
cally, a low viability of resident milk PMN might com-
promise the total phagocytic and bacteriostatic capacity
of the teat cistern (Burvenich et al., 2003), thus facilitat-
ing E. coli growth, especially during the lag phase of
the growth. Nevertheless, it is farmore efficient to clear
E. coli from the teat cistern with newly attracted viable
and young PMN capable of effectively engulfing and
killing E. coli. Indeed, as observed in our study, higher
preinfection milk PMN viability enhanced the static
phase of the mammary gland’s innate defense.
Studies reveal that milk samples of a cowwith severe
coliform mastitis sometimes do not yield bacterial
growth but contain a large number of extracellular
ROS, autolytic enzymes, and necrotic PMN that cause
mammary tissue damage. The necrotic PMN, as op-
posed to PMN viability, antagonizes the resolution of
inflammation because they are hardly removed by
phagocytes and their chromatin proteins boost pro-
longed inflammation (Scaffidi et al., 2002). Thus, the
issue in E. coli mastitis is not just the E. coli itself but
also the resolution of the inflammation (Burvenich et
al., 2003). In our opinion, prevention of milk PMN ne-
crosis during early lactation could diminish the severity
of E. coli mastitis in dairy cows. Although in an early
stage of mastitis, this prevention seems unnecessary
because the milk PMN viability is physiologically in-
creased (see e.g., Table 2), in severe mastitis cases the
increased milk PMN viability is delayed. In our study,
mammary tissue damage and MP loss would have been
more pronounced if milk PMN viability had not in-
creased during the early hours of mastitis. The current
study demonstrated that improvingmilk PMN viability
immediately before infection, at the early hours of infec-
tion, and during the resolution of mastitis would pre-
vent extensivemammary tissue damage, thereby short-
ening mastitis recovery time.
Themodulation of bovine PMN viability in milk byE.
colimastitis is related to the kinetics of PMNdiapedesis
through the bonemarrow–blood barrier and blood–milk
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barrier. One of the mechanisms of increased milk PMN
viability during mastitis can be the antiapoptotic effect
of cytokines, for example, tumor necrosis factor-α, in-
terleukin-1, and interleukin-6 (Colotta et al., 1992; Lee
et al., 1993; Sweeney et al., 1998; Boulanger et al., 2001)
or expression of antiapoptotic and proliferative genes
(Long et al., 2001). Milk concentrations of these cytok-
ines and gene expressions are extremely high through-
out the d 1 of E. coli and endotoxin mastitis (Shuster
et al., 1993; Hoeben et al., 2000; Hagiwara et al., 2001).
nuclear factor κB is activated in PMN in the inflamed
tissue (Hotta et al., 2001), and its concentration in-
creases in infected quarters (Boulanger et al., 2003).
This may contribute to the increased milk PMN viabil-
ity. Furthermore, the continuous production of
apoptosis-inhibiting protein(s) and incomplete activa-
tion of caspase-3 (Hotta et al., 2001) and hypoxia-induc-
ible transcription factor-1 (HIF-1) alpha in the site of
inflammation (Cramer et al., 2003) prevent cytokine-
induced apoptosis and increase the PMN cytosolic ATP
pool. This could boost PMN viability in the infected
quarters. The contribution of NADPH-oxidase, as its
activity increases during mastitis (Mehrzad et al.,
2001a), to PMN survival and cytosolic pH homeostasis
is also pivotal (Mayer et al., 1989; Jankowski et al.,
2002); the NADPH-oxidase activity boosts ROS produc-
tion and exerts a pH-buffering effect. This potentially
antagonizes the PMN cytosolic acidosis and subse-
quent necrosis.
The direct action ofE. coli endotoxin also boosts PMN
survival in milk (Boulanger et al., 2001). Furthermore,
the fast diapedesis may explain the delayed apoptosis
and increased viability of PMN at the site of infection
(Ferrante, 1992; Lee et al., 1993;Mehrzad et al., 2001a).
The contribution of the blood–milk barrier (Van Oost-
veldt et al., 2002) and mammary gland injury (Sladek
andRysanek, 2001) in themodulation of PMNapoptosis
and viability has been demonstrated. The appearance
of metamyelocytes and band cells in milk also contri-
butes to increased milk PMN viability. In our study,
the maximal appearance of macrophages at PIH 48
and 72 could also be a contributor to the termination
of mastitis.
Overall, during the early phase of mastitis, blood
PMN is not activated substantially; however, when
PMNmigrate in infected quarters their functionalities,
viability and CL activity increase sharply. This results
mainly from the local effect of the E. coli mastitis. The
present study indicates that PMN viability and CL in
milk are inextricably interrelated, in healthy and in E.
coli mastitic cows. As a whole, our findings strongly
suggest that low resident milk PMN viability could be
considered as a risk factor for severe coliform mastitis.
This supports the idea of boosting milk PMN viability
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as an appropriate strategy for mastitis prevention
and treatment.
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